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Abstract - We propose a general&l split-window 
method for retrieving land-surface temperatum &ST) from 
AVHBB data Accumte radiative transfer simulations show 
that the coefficients in the split-window algorithm for LST 
must depend on the viewing angle, if we are to achieve a 
LST accuracy of about 1 *K for the whole scan swath range 
(SO.3 o from nadir) and for the ranges of surface tempera- 
ture and atmospheric conditions over land, which are much 
wider than those over oceans. The coefficients in the split- 
window algorithm also vary with atmospheric column. water 
vapor and boundary temperature. The column water vapor 
and boundary temperatunz can be estimated from HlRS/2 
data or MODIS atmospheric sounding channels data. We 
obtain these coefficients from regression analysis of radiative 
transfer simulations, and we analyze sensitivity and error by 
using results from systematic radiative transfer simulations 
over wide ranges of surface temperature and emissivities, 
and atmospheric water vapor abundance and temperatures. 
This method is more suitable for retrieving LST from EOS’s 
MODIS data. 

INTRODUCTION 

Land-surface temperature (LST) is one of the key param- 
eters in the physics of land-surface processes on a regional as 
well as global scale, combining the results of all surface- 
atmosphere interactions and energy fluxes between the atmo- 
sphere and the ground. Therefore it is required for a wide 
variety of climatic, hydrological, ecological and biogeo- 
chemical studies. In order to understand the entire Barth sys- 
tem better on the global scale, the Earth Observing System 
(BOS) will provide surface kinetic temperatures at specified 
accuracies of 0.3 "K for oceans and 1 OK over land. 

During the past decade, significant progress has been 
made in estimation of land-surface temperature from satellite 
thermal infrared data. Tbe split-window LST method 
corrects for atmospheric effects based on the differential 
absotption in adjacent infrared bands [l, 2,3,4,5]. 

One of the major difficulties in development of LST algo- 
rithms is the considerable spectral variation in emissivities 
for different land-surface materials. Bmissivity may also 
vary with the viewing angle. In laboratory measurements of 
bare soils. Labed and Stall [6] showed that this angular effect 
is smaller at wavelengths 10.6 and 12.0~ than at 3.7pm. 
Oblique viewing results in a shift of the signature, the spec- 
tral features being essentially unchanged, At viewing angle 
60”, this angular effect does not exceed 1.5% for sand and 
silty materials but it is about 5% for agricultural soils. ln 
vegetation, the emitted radiation also varies with the viewing 
angle because of temperature structure in the vegetation 
canopy. Despite all these variations, spectral emissivity 

characteristics for terrestrial land covers are relatively stable 
in the wavelength range 10.512.5u.m. where AVHRR bands 
4 and 5, and MODIS bands 3 1 and 32 are located. Moreover, 
spectral contrast in surface emissivities usually decreases 
with aggregation as spatial scale increases. Salisbury and 
D’Aria [7] published spectml reflectance data of 79 terres- 
trial materials including igneous, metamorphic, and sedimen- 
tary rocks, vanished rock surfaces, lichen-covered sand- 
stone, soil samples, green foliage, senescent foliage, ice, and 
water surf- with suspended quartz sediment and oil slicks. 
The band average emissivities Q and ES in NOAA-11 
AVHBB bands 4 and 5 were calculated from these 
reflectance spectm We can gain the following insights into 
lhe band average emissivities of terrestrial materials: (1) all 
Q and ~5 are larger than 0.825; (2) a general relation 
a.015 5 ES -Q 50.023 holds for all samples except fresh 
rocks, smooth surface of distilled water ice, and senescent 
beech foliage; (3) ~q and ES are larger than 0.91 for all sam- 
ples except fresh rock and senescent leaves. Salisbury and 
D’Aria [73 also point out that multiple scattering within the 
vegetation canopy will reduce spectral contrast and that typi- 
cal trees, bushes. and grass have emissivities quite close to 1. 

A VIEW-ANGLE DEPENDENT LST ALGORITHM 

Becker and Li 131 presented a split-window AVI-RB LST 
algorithm for viewing angles up to 46 o from nadir in form of 

(1) 

Since the maximum viewing angle for AVHBB sensors is 
69” from nadir at the Earth surface, pixels with viewing 
angle larger than 46 ’ account for nearly 30% of the total pix- 
els, or almost 50% of the total coverage area within each 
swath. We have to develop a LST algorithm for the whole 
viewing angle range in order to provide a global coverage for 
LST. We developed a view-angle dependent LST algorithm 

1-E 
T,=C+(Al+Aze+Aj 

1-E 
+ (Bl +Bz - +B3 (2) 

e 

where coefficients C. Ai and Bi depend on viewing angle 8,. 
A 1 is not fixed at 1, so there is one more variable coefficient 
in this form than in Becker-Li [3] algorithm. We have exam- 
ined the view-angle effect by comparing the accuracies of 
the 8,-independent algorithm with the 8,- dependent 
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algorithm. In the B,-independent algorithm, coefficients are 
obtained by regression analysis of simulation data sampled 
from the whole 8, range. In the Cl,-dependent algorithm, 
coeflicients are obtained by regression analysis of simulation 
data at individual viewing angles. The atmospheric lower 
boundary tempem, i.e., T,;, ranges from 256°K to 
287 OK. and atmospheric vertical column water vapor (WV,) 
ranges from almost 0 to 2cm. The upper half of Table I is for 
the first emissivity group with higher band emissivities, and 
the lower half is for the second emissivity group. The first 
row in each portion gives RMS and maximum errors in these 
hvo methods at viewing angles 69 ‘, 45’ and 0 ‘, for algo- 
rithms whose coefficients are obtained by regression analysis 
of data for the whole surface temperature range kl6 OK from 
Toir and the whole wv, range. Although the &independent 
and t&dependent algorithms give almost the same maximum 
errors, the RMS errors in the &dependent are smaller at all 
viewing angles. Since the maximum error is larger than 4 OK 
even in tbe &dependent algorithm, we tried LST iterations 
once and twice. In the first LST iteration, we used LST 
coefficients for the two T, sub-ranges, one from -2 to +16 OK, 
another from -16 to +2 “K. The retrieved T, value is used to 
determine which sub-range should be used in the first itera- 
tion. If the surface temperature. is within its upper sub-range, 
both RMS and maximum errors can be significantly reduced. 
If the surface temperature is within its lower sub-range, no 
improvement can be made due to the small TIR signature 
from the surface. If we divide the Ts range into 4 sub-ranges, 
a second iteration improves the LST accuracy in some sub- 
ranges. In this way, the &-dependent algorithm improves 
the LST accuracy by a factor from 1 to 3. 

The &-dependent LST algorithm is better than the Bv- 
independent algorithms because the optical path at viewing 
angle 69 0 is more than twice that in the vertical direction. 
As atmospheric column water vapor is larger than 4.5cm, the 
atmospheric transmission function reduces by a factor of 3 
from nadir to viewing angle 69 ’ in AVHRR band 4. and by a 
factor of 4 in AVHRR band 5. The &-dependent algorithm 
will be the only choice to retrieve LST at an accuracy of the 
1 OK level. We can significantly improved the LST accuracy 
by separating the column water vapor range into km or 
0.5cm intervals. The accuracy of the &independent LST 
algorithm is only slightly improved by using the column 
water vapor information, but the accuracy of the 8,- 
dependent LST algorithm can be dramatically improved by 
the information about column water vapor. With one itera- 
tion of the lcm-interval &-dependent algorithm, the RMS 
error does not exceed 0.7 OK and the maximum error does not 
exceed 3°K even at the largest viewing angle. If the LST 
algorithm for column water vapor intervals of 0.5cm is used 
the RMS error does not exceed 0.5”K and the maximum 
error does not exceed 1.7 OK at viewing angle 69 “. In the 
viewing angle range up to 45O, the RMS error does not 
exceed 0.3”K and the maximum error does not exceed 
0.9 “K. 

When column water vapor in a tropical atmosphere is 
greater than 4cm. the atmospheric transmission functions in 
AVHRR bands 4 and 5 reduce to 0.22 and 0.12, respectively, 
and LST retrieval from satellite TlR data becomes difficult at 

large viewing angles. In order to get a quantitative assess- 
ment of the retrieved LST accuracy, we developed two sets 
of t&-dependent algorithms for two ranges of the atmos- 
pheric lower boundary temperatum, one from 300°K to 
310 OK, the other from 300 “K to 305 OK. When column 
water vapor is less than 4cm, the two sets of LST algorithms 
have almost the same accuracy. When column water vapor is 
larger than 4cm. the maximum temperature deficit may be 
larger than 27 OK. The RMS and maximum error of the LST 
algorithm for the wider T,b range may be larger than 1 *K 
and 3.8 OK, respectively. The maximum LST error can be 
reduced by 1-2 OK if the 300-305 OK JST algorithm is used, 

SENSlTlVlTY ANALYSlS 

A better LST algorithm must have the following two 
features: (1) it retrieves LST more accurately; (2) it is insen- 
sitive to uncertainties in our knowledge of surface emissivi- 
ties and atmospheric prop&es, and to the instrument noise. 
According to (2), the factors on the emissivity terms (1 - s) I E 
and As / (e2) are 

T4+T5 
a=AZ- 

T4-Ts 
2 

+Bz- 
2 

and 

T4+Ts 
p =A3 2 +B3 F. 

Simulations show that in cold, dry atmospheric conditions 
there is no significant difference in maximum a values of the 
C&-independent and Qdcpendent LST algorithms but the 
maximum p values am very different. Over the column 
water vapor sub-range 0.5-lcm. max (B) values in the Cl,- 
independent LST algorithm are 157 and 147 in the higher 
and lower emissivity groups, respectively, at the nadir view- 
ing direction. They arc larger than twice the values in the 
&dependent algorithm. This means that the &independent 
algorithm will have a LST error up to 1.6 OK if there is an 
uncertainty of 0.01 in the value of Aa/( We expect that 
this uncertainty is around 0.005 for well known land surfaces 
such as dense vegetation, snow and ice, and lakes. The 8,- 
independent algorithm will have a 0.8’K error. The 8,- 
dependent algorithm is much less sensitive to the value 
A& I (c’), giving a maximum LST error around 0.37 *K in the 
nadir viewing direction. In warm atmospheric conditions, 
294 OK < Tab S 300°K, the maximum p value in the O,- 
independent algorithm is as large as 181. its corresponding 
value in &-dependent algorithm is 92. As expected, all LST 
algorithms are more sensitive to the uncertainty in Ae in dry 
atmospheric conditions. This sensitivity decreases as atmos- 
pheric column water vapor is larger, because of the compen- 
sative effect of the reflected downward atmospheric thermal 
infrared radiation. 

In order to investigate the sensitivity of the &dependent 
L.ST algorithm to instrument noise, we simulate the instru- 
ment noise by synthetic quantixation. The radiance values of 
AVHRR bands 4 and 5 saturate at about 325°K. The radi- 
ance values are expressed by a IO-bit integer through syn 
thetic quantization and then converted to double precision 
floating point number by multiplying the quantization step. 
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We compare the FUvIS and maximum LST enrlrs by apply the 
same &dependent algorithm to the original simulation data 
and the data after synthetic quantization. We change 10 bits 
to9bitsandmakeasimilarcomparison. TheBMSandmax- 
imum error due to quantizations using 9 bits are 02*K and 
0.7 OK. They are 0.1 *K and 0.4*K, respectively, for all 
viewing angles up to 69 * if 10 bits are used in the quantiza- 
tion. These results show that the e,-dependent LST algo- 
rithm is quite stable with IO-bit AVHRR data. It is even 
more stable with 12-bit MODIS data. 

CONCLUSION 

We propose a view-angle dependent split-window 
method for retrieving land-surface temperature from AVHRR 
and MODIS data. The atmospheric column water vapor and 
lower boundary temperahue vahes retrieved from HIRS/L or 
MODIS atmospheric sounding channels can be used to 
significantly increase the accuracy of this LST method.. This 
O,dependent algorithm not only retrieves LST rhon accu- 
rately but is also less sensitive than &independent LST 
algorithms to the uncertainty in surface band emissivities and 
to the instrument noise. 
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Table I. Comparison between &-independent and 9,,- 
dependent split-window LST algorithms: RMS (max) 
errors in range of T& s 287.2 ‘K and WV” < 2cm. 

rang= B&dependent ordependent 
wvvT,-Te 69’ 49 0’ 69’ 4.9 OD 

(O.SS~S l.Oald -Q.oz5se4-E5so.oln 

O-2 
G2 
G2 
o-l 
o-l 
o-l 
04.6 
o-o.5 
(M-5 
0.5-l 
0.5-l 
0.51 
l-2 
1-2 
l-2 
l-l.5 
l-l.5 
l-l.5 
1.5-2 
1.5-2 
1.52 

o-2 
G2 
o-2 
o-l 
o-l 
o-l 
w.5 
w.5 
W.5 
0.5-l 
0.51 
0.5-l 
l-2 
1-2 
1-2 
l-l.5 
l-l.5 
l-l.6 
1.5-2 
1.52 

A 1.0(4.5) 0.4 (25) OJ(2.0) 0:6(6.2) 0.4 i2.5) 0.3(2.1) 
B 1.1 (23) 0.4 (1.6) 0.6(1.7) 0.3 (2.2) 0.2 (1.4) 0.2(1.2) 
C 0.9(4.3) 0.4 (2.3) 0.4(1.6) 0.7(4.1) 0.4(2.4) O.S(l.9) 
A O.S(l.9) 0.2(1.0) 0.4(1.2) O.S(l.7) 0.2(0.9) 0.1 (0.6) 
B l.O(l.6) 0.3(0.8) 0.5(1.1) 0.1 (0.6) 0.1 (0.5) 0.1 (0.5) 
C O.S(l.3) 0.2(0.6) 0.3(0.6) 0.2(1.2) 0.1 (0.6) 0.1 (0.7) 
A O.S(l.6) 0.2(0.7) O.S(l.1) 0.1 (0.6) 0.1 (0.5) 0.1 (0.5) 
B l.O(l.5) 0.2(0.5) 0.5(1.0) 0.1 (0.4) 0.1 (0.4) 0.1 (0.4) 
c O.S(l.0) 0.1 (0.4) 0.3 (0.7) 0.1 (0.4) 0.1 (0.3) 0.1 (0.3) 
A O.E(l.9) 0.3(0.7) 0.4(1.1) 0.2(1.0) 0.1 (0.7) 0.1 (0.6) 
B 0.9 (1.6) 0.3 (0.6) 0.6 (1.1) 0.1 (0.6) 0.1 (0.4) 0.1 (0.4) 
C 0.5 (1.2) 0.2(0.5) 0.3 (0.7) 0.2(0.6) 0.1 (0.6) 0.1 (0.5) 
A 0.9(3.6) 0.4(1.5) 0.5 (1.2) 0.5 (27) 0.3(1.5) 0.2(1.3) 
B 0.6(2.0) 0.4(1.5) 0.5(1.3) 0.3(1.6) 0.2(1.0) 0.2 (0.8) 
C 0.7(3.4) 0.3(1.4) 0.3(1.0) 0.6 (27) 0.3(1.5) 0.2(1.2) 
A 0.7(1.6) 0.3(0-Q) O.S(l.0) 0.3 (1.2) 0.2(0.8) 0.1 (0.7) 
B 0.7(1.5) 0.4(0.9) 0.4(1.1) 0.2(0.8) 0.1 (0.5) 0.1 (0.4) 
C 0.5(1.7) 0.2(0.6) 0.3(0.7) 0.3 (1.1) 0.2(0.7) 0.1 (0.6) 
A 0.6(2.9) 0.4 (0.9) 0.4 (1.1) 0.4 (1.6) 0.2tO.QI 0.2lO.n 
B 0.7il.7 0.4il.lj o.ail.2j 0.2il.oj 0.1 io.6; 0.1 io.5j 
C 0.7(2.8) 0.3 (0.7) 0.3(0.9) 0.4(1.5) 0.2(0.6) 0.2(0.7) 

(0.91sE~s0.95snd-0.025s&pE~s0.015) 
A l.O(S.l) 0.5 (2.8) 0.5(2.1) 0.7(4.8) 0.4 (2.9) 0.4(2.4) 
B 1.0 (26) 0.4 (2.2) 0.6 (2.0) 0.4(2.8) 0.3(1.8) 0.2(1.6) 
C O.Q(a.8) 0.5 (2.4) 0.4 (1.7) 0.9(4.5) 0.5(2.4) 0.4(2.0) 
A 0.8 (1.9) 0.2 (1.0) 0.4(1.2) 0.2(1.5) 0.2(1.1) 0.2(1.0) 
B 1.0 (1.8) 0.3 (0.9) 0.5 (1.1) 0.2(0.9) 0.1(0.6) 0.1 (0.6) 
C 0.5 (1.5) 0.2 (0.8) 0.3 (0.8) 0.2(1.2) 0.2(0.9) 0.1 (0.8) 
A 0.8(1.6) 0.2 (0.8) 0.4 (1.2) 0.1 (0.7) 0.1 (0.6) 0.1 (0.6) 
B l.O(l.6) 0.2(0.6) O.S(l.0) 0.1 (0.5) 0.1 (0.4) 0.1 (0.4) 
c O.S(l.0) 0.1 (0.5) 0.3(0.9) 0.1 (0.5) 0.1 (0.4) 0.1 (0.4) 
A 0.7(1.9) 0.3(0.7) 0.4(1.1) 0.2 (1.0) 0.2(0.8) 0.1 (0.7) 
B O.Q(l.7) 0.3(0.7) O.S(l.0) 0.1 (0.7) 0.1 (0.5) 0.1 (0.4) 
C 0.5(1.2) 0.2(0.6) 0.3(0.7) 0.2 (0.8) 0.1 (0.6) 0.1 (0.6) 
A 0.9(4.0) O-4(1.6) O.S(l.3) 0.6 (3.1) 0.3(1.8) O.a(l.5) 
B 0.8(2.4) 0.4(1.6) 0.5(1.3) 0.3 (1.9) 0.2(1.2) 0.2(1.0) 
C 0.6(3.9) 0.4(1.5) 0.4(1.2) 0.7(2.9) 0.4(1.6) 0.3(1.3) 
A O-7(2.0) 0.3(1.0) 0.4(1.1) 0.3 (1.3) 0.2(0.9) 0.2(0.8) 
B 0.7(1.5) 0.3(0.9) 0.4(1.1) 0.2 (0.9) 0.1 (0.6) 0.1 (0.5) 
C O.S(l.9) 0.2(0.7) 0.3(0.7) 0.3 (1.1) 0.2(0.8) 0.2(0.7) 
A 0.8(3.3) 0.4 (1.0) 0.4(1.2) 0.4(1.8) 0.3 (1.0) 0.2(0.9) 
B 0.7(21) 0.4 (1.0) 0.4U.2) 0.3t1.2) 0.2 (0.71 0.1 (0.6) 

1.5-2 c 0.8 i3.2j 0.3 io.9j 0.4 ii.ij 0.5 i1.i 0.3 io.9j 0.2io.8j 

A:-16b16'K;B:-2to16“K;C:-16to 2°K. 

1179 


